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The CO molecules vertical profiles from the measured spectra taken from ground-based microwave 176 instrument in Kharkiv and the zonal winds in the upper stratosphere-mesosphere region were retrieved 177 similar to Rüfenacht et al. (2012) were used to create temperature and zonal wind velocity profiles from surface up to 0.01 hPa, and to 188 calculate geopotential height at the stratospheric pressure levels, in order to compare with the data 189 measured over Kharkiv site. The data of air temperature, zonal wind, and geopotential height were 190 used also from the NCEP-NCAR reanalysis data (Kalnay et al., 1996; stability and dissipate in the stratosphere and mesosphere (Pedatella et al., 2018). The temperature 210 anomalies were enhanced in February being descending (arrow in Fig. 2a) . 211
The major sudden stratospheric warming has been started with the zonal wind reverse and air 212 temperature increase in the upper-middle stratosphere over polar cap near 10 February 2018 (vertical 213 line in Fig. 2b and 2c, respectively). This is close to the SSW timing in Rao et al. (2018) , where the 214 SSW onset date is 11 February. As seen from Fig. 2d , increasing wave-1 amplitude contributed to the 215 polar vortex destabilization during the second half of January-early February producing zonal wind 216 and temperature oscillations in the upper stratosphere ( Fig. 2b and 2c ). These oscillations are usually 217 associated with the planetary wave propagated in the stratosphere and mesosphere (Limpasuvan et al., 218 2016; Rüfenacht et al., 2016) . As noted in an earlier study (Manney et al., 2009 ), wave-1 amplitudes 219
were larger also prior to the SSW 2009, suggesting a larger role of preconditioning. During 10-15 220 February, the easterly zonal wind anomaly at the stratopause (about 1 hPa, 50 km) increased to -60 m 221 s -1 (Fig. 2b) . At the same time, the warming in the polar region with the largest temperature anomaly 222 of about 20C was observed in the middle stratosphere (around 10 hPa, Fig. 2c ). 223
The wave-2 impulse on 10 February (dashed curve in Fig. 2c ) was responsible for the polar vortex 224 split in the two parts ( https://www.esrl.noaa.gov/psd/data/epflux/ (Fig. 3 ) that follows the changing wave amplitudes in Fig.  236 2d. 237
An intense EP-flux since February 6 (Fig. 3b and 3c ) initiated the vortex split on February 10 (Fig.  238   1c) . The EP-flux vector was in prevailing upward direction covering the NH extratropics till February 239 20-21, when equatorward EP-flux became almost horizontal and reached the tropics (Fig. 3d) (Fig. 2d) (Fig. 1) . 255
The CO molecule volume mixing ratio (WMR) near the mesopause at 75-80 km decreased from 256 10 ppmv of background level to 4 ppmv on 19-21 February (Fig. 4a) , when the sharp vertical CO 257 gradient at the lower edge of the CO layer near about 6 ppmv elevated by about 8 km (between 75 km 258 and 83 km, thick part of the white curve in Fig. 4a ). For comparison, the pre-and post-SSW vertical 259 variations of the 6-ppmv level were observed in a range 2-3 km (thin parts of the white curve in Fig.  260 4a). We take here the 6-ppmv level as a conditional lower edge of the CO layer, since the CO gradients 261 sharply increases from 0.2-0.3 ppmv km -1 in a 10-km layer below to 0.6-0.8 ppmv km -1 in a 10-km 262 layer above (below and above the white curve in March is accompanied by the CO peak at 18 ppmv that is also the highest CO abundance over 271 January-March ( the pre-SSW conditions) sometimes increased to more than 100 m s -1 (black contours in Fig. 4c ). Due 275 to the wave activity in January-February, the air temperature maximum at the stratopause was likewise 276 unstable and it slowly recovered in March (Fig. 4d) . 277
The SSW effects in February 2018 were the strongest in polar region and were also clearly 278 observed in the middle NH latitudes as noted above. Manifestations of the midlatitude anomalies (Fig. 2d) , are accompanied by 292 concurrent displacements of midlatitude air mass that is observed in the local variability of the 293 atmospheric parameters. At the upper stratosphere levels, the general Z increase during the SSW 294 relates to the stratopause elevation. At the same time, the vortex split, its meridional and zonal 295 migrations lead to the geopotential height oscillations. This is seen from the Z peaks in Fig. 5a and 5b 296 that appeared not only in the polar region, but also in the midlatitudes (black curve in Fig. 5b ). Similar 297 oscillations reach the midlatitude mesosphere and are reflected in the enhanced variations of the CO 298 vertical profile over the Kharkiv site (thick part of the white curve in Fig. 4a ). The dominated 5-8 day 299 periods of the oscillations are seen from the ridge and trough sequence along the white curve in Fig.  300 4a. This corresponds to the periodicity range in planetary waves propagated in the stratosphere and 301 mesosphere with the periods 5-12 days (Limpasuvan et al., 2016) or atmospheric normal modes with 302 periods 5, 10 and 16 days (Rüfenacht et al., 2016) . 303
The SSW effects in geopotential height in February weaken in the lower stratosphere (Fig. 5c) , in 304 agreement with zonal mean zonal wind U and zonal mean temperature T variations as shown in Fig. 6 . 305 Fig. 6a-6d ) and easterly velocities exhibit 308 two-three consecutive peaks during the SSW. These peaks are similar to 5-8 day oscillations observed 309 in other variables (Fig. 4 and Fig. 5 ) and associated with the polar vortex split and two sub-vortices 310 migrations due to changing wave activity noted above. 311
Zonal wind reversal extends through the stratosphere between the stratopause and tropopause in 312 the polar vortex region (80N and 70N, Fig. 6a and 6b) . However, reverse process occurs only 313 between the middle and upper stratosphere at the vortex edge region (60N, Fig. 6c) , and weakens at 314 the middle latitude 50N (Fig. 6d) . This shows deeper penetration of easterly wind inside the polar 315 vortex (80N and 70N) than outside (50N and 40N) . Note that the meridional tendency seen from 316 the sequence of individual latitudinal circles in Fig. 6 would be smoothed out or completely 317 disappeared when averaged over a wide mid-latitude (40-60N) or high-latitude (60-80N) zone. 318
Simultaneously, rapid warming in the polar stratosphere is observed since 10 February (Fig. 6f  319 and 6g). The stratopause temperature maximum in the polar region descends in the middle of February 320 (contour -30C in Fig. 6f and 6g ) and disappears later, leading to a nearly isothermal middle 321 atmosphere at about -35C (see also February-March 2018 are clearly observed also from the local midlatitude data in Fig. 4d . 328
Warming penetrates less deeply at lower latitudes (compare contour -50C in Fig. 6f-6j) . At 329 40N, the zonally averaged T is relatively stable in vertical distribution before, during and after the 330 SSW (Fig. 6j) and only weak anomaly appears in zonal wind (Fig. 6e) . Steady temperature maximum 331 at about 1-2 hPa (contour -30C in Fig. 6j height datasets from the ERA-Interim and NCEP-NCAR reanalyzes. The SSW started with the polar 348 vortex split around 10 February (Fig. 1) , zonal wind reverse in the mesosphere (Fig. 4b) and 349 stratosphere (Fig. 2a, Fig. 4c and Fig. 6a-6d ) and enhanced stratosphere warming (Fig. 2a and 2c) and 350 mesosphere cooling (Fig. 2a) . The stratopause elevation during the SSW is more pronounced in the polar region and the results 368 of Fig. 5 is evidence of midlatitude manifestation of similar processes. Geopotential heights Z in time-369 latitude section at 1 hPa and 10 hPa in Fig. 5a and 5b show strongly increased levels poleward of 70N 370 and moderately increased levels in the northern midlatitude (particularly, near the black line at 50N). 371
This Z increase at 1 hPa is directly related to the stratopause elevation and the lower CO edge uplift in 372 Fig. 4a . As noted in Sect. 4, the polar geopotential height Z levels become higher than the tropical ones 373 that displays meridional temperature gradient reversal in the stratosphere during the SSW development 374 (Butler et al., 2015) . 375
Elevation of the lower CO edge maximizes on 18-20 February (Fig. 4a) , up to 10 days after the 376 zonal wind reversal in the stratosphere (Fig. 4c) and mesosphere (Fig. 4b) . Similar time lag in the 377 planetary wave activity in the mesosphere was noted recently. A significant enhancement in wave-1 378 and wave-2 amplitudes near 95 km was found to occur after the wind reversed at 50 km, with 379 amplitudes maximizing approximately 5 days after the onset of the wind reversal (Stray et al., 2015) . 380
The effects of zonal asymmetry can also play a role in the appearance of regional low-CO 381
anomaly. Large scale planetary waves can displace parcels of air meridionally over the large distance 382 at particular longitudes and any species having a latitude gradient should be influenced by such 383 transport process; this suggests that latitudinal displacements due to wave effects should dramatically 384 affect their local densities (Solomon et al., 1985) . Therefore, polar vortex displacement can be an 385 additional cause of the CO decrease and CO profile uplift over Kharkiv in February 2018 in Fig. 4a . 386
As seen from Fig. 1 , the vortex was shifted off pole to the North America sector (along meridian 387 90W) under the wave-1 influence and the increased wave-1 amplitude persisted in January and 388 February (Fig. 2d) . Midlatitude air at opposite eastern longitudes approached the pole moving the CO-389 poor parcels to the higher latitudes. As known, the strong vertical CO gradient in the winter 390 mesosphere is found at higher altitudes in the tropics than in the extratropics (Solomon et al. 
